Local cerebral blood flow is lowered in many brain areas of the rat by high-dose pentobarbital (50 mg! kg). In the present study, the mechanism of this flow change was examined by measuring the distribution of radiolabeled red blood cells (RBCs) and albumin (RISA) in small parenchymal microvessels and calculating the microvascular distribution spaces and mean transit times of RBCs, RISA, and blood. In most brain areas, pento barbital slightly decreased the RISA space, modestly in creased the RBC space, and did not alter the blood space. The mean transit times of RBCs, RISA, and blood through the perfused microvessels were considerably
The mechanism of changing local cerebral blood flow (lCBF)-capillary recruitment, linear velocity alteration, or both processes-has most commonly been studied with experiments in which the rate of flow was increased. For example, ICBF was raised with hypoxia or anoxia by Weiss and co-workers (Weiss and Edelman, 1976; Weiss et aI., 1982; Fran cois-Dainville, et aI., 1986; Kissen and Weiss, 1989) and by Shockley and LaManna (1988) and with hy percapnia by Gobel et ai. (1989) and Shockley and LaManna (1988) . The findings of Weiss and col-greater in treated rats than in controls. These findings indicate that the mechanism by which high-dose pento barbital diminishes local cerebral blood flow in rat brain is, in the main, a lowered linear velocity of plasma and RBC flow through small parenchymal microvessels and not decreased percentage of perfused capillaries (capil lary retirement). This response is probably driven mainly by lowered local metabolism and may well entail a slight increase in the number of small microvessels that are per fused by RBCs. Key Words: Transit times-Capillary re cruitment-Capillary retirement-Hematic capillaries Plasmatic capillaries-Hypercapnia.
leagues and Shockley and LaManna suggest that capillary recruitment is the mechanism by which flow increases, whereas those of Gobel et ai. argue that capillary recruitment is not involved in raising ICBF, which implies that increased flow velocity is the mechanism of effecting this change.
If ICBF increases by capillary recruitment, then decreased flow might involve diminishing the num ber of perfused capillaries, namely capillary "dere cruitment" or "retirement." If ICBF rises by ele vating the velocity of blood flow through already perfused capillaries, then lowered flow might occur by reducing the flow velocity. These possibilities suggest that a study of lowered ICBF might provide some insight into the mechanism or mechanisms by which blood flow is normally altered in the brain. Accordingly, a nontraumatic way of lowering ICBF was sought and experiments were designed to test the capillary recruitment-retirement hypothesis of CBF alteration.
High-dose pentobarbital (50 mg/kg) has been re-ported to lower lCBF greatly in most forebrain ar eas and one hindbrain area, decrease lCBF less sizeably in a few hindbrain areas, and not apprecia bly alter flow in the remaining 22 (of 52) areas ex amined (Otsuka et aI., 199Ia) . This model of low ered CBF thus offers a range of lCBF changes and possible mechanisms, involves many but not all brain areas, and provides a relatively straightfor ward way of testing the capillary recruitment retirement hypothesis.
To test the capillary recruitment-retirement hy pothesis, the distribution spaces of 1 2 5I-labeled bo vine serum albumin (RISA) and 55 Fe-labeled red blood cells (RBCs) were measured in the paren chyma of the rat brain using quantitative autoradi ography (QAR). Ten minutes before RBC or RISA administration, the animals were injected i.p. with pentobarbital (50 mg/kg). These measurements were also made in control rats. Using a previously described QAR technique (Bereczki et aI., 1992; Tajima et aI., 1992) , the radioactivity contained in small parenchymal microvessels (diameter <50fLm) was assayed in 52 brain areas and used to calculate the RISA and RBC distribution spaces, the radiola beled blood space, and the hematocrit in small pa renchymal microvessels. Previously published lCBF rates for control and treated rats from this laboratory (Otsuka et aI., 1991a) were combined with the distribution space and hematocrit data to yield whole blood, RBC, and RISA transit times for 43 of these areas. If blood flow is lowered by cap illary retirement, then the distribution spaces should decrease; if blood flow is reduced by dimin ished flow velocity, then the transit times should increase.
METHODS

General preparation
The general experimental procedures of this study has been previously described (Otsuka et aI., 1991a,b; Tajima et aI., 1992) . In brief, male Sprague-Dawley rats weighing about 350 g were anesthetized with a mixture of 2% halo thane, 68% nitrous oxide, and 30% oxygen. The femoral artery and vein were catheterized on both sides. Cathe ters were also inserted into the peritoneal cavity through an abdominal incision. The wounds were infiltrated with lidocaine hydrochloride and closed with sutures.
After surgery, the administration of anesthetic was stopped, and the rats were rapidly wrapped in a loose fitting plaster cast that extended from midthorax to lower abdomen. The rats were allowed more than 2 h to recover from surgery and anesthesia before beginning the exper iments. The arterial blood pressure, heart rate, and gen eral condition were monitored through the recovery and experimental periods. The rectal temperature was contin ually measured and maintained between 36.5 to 37SC.
The physiological status of each animal was assessed 
Red blood cell distribution space
The RBC distribution spaces were measured by QAR in two groups of rats using the method of Lin et a1. (1990) . Four male Sprague-Dawley rats were used as donor rats. Each donor rat received an intraperitoneal injection of 5--6 mCi of 55Fe citrate solution (1% citric acid). Radio labeled blood was collected from donor rats 6-8 days later and used on that day for the RBC distribution space ex periments.
In the treated group (n = 8), 0.5 ml of the saline con taining pentobarbital sodium (50 mg/kg) was infused through the i.p. catheter 10 min before beginning the ex periment. In both the treated and control (n = 9) groups, 3.5-4.0 ml of the donor blood (400-500 fLCi of 55Fe) was gently infused into one femoral vein over 15-20 s. During the infusion period, 1.5-2.5 ml of blood was taken from the femoral artery. Carefully timed arterial blood samples (150--200 IJ-I each) were obtained via a femoral arterial catheter at 15, 30, and 45 s and 1, 2, and 3 min. The rat was killed by decapitation after taking the 3 min blood sample. The brain was quickly removed from the skull and frozen in 2-methylbutane chilled to -45°C.
Albumin distribution space
The distribution space [125I]RISA was measured in seven control and seven pentobarbital-treated rats. The procedure of i.p. injection for the pentobarbital group was described above for the RBC experiments. The experi ment was begun by intravenously administering 80--100 IJ-Ci (200 IJ-l) [125I]RISA over 5 s. A timed series of arterial blood samples was obtained at the intervals listed above for the RBC experiments.
The rats were decapitated 3 min after RISA injection. As done for the RBC experiments, the brain was quickly removed from the skull and frozen in 2-methylbutane chilled to -45°C. The time from decapitation to immer sion in 2-methylbutane was 35-45 s.
Radiotracer analysis of blood and tissue
The activity of 55 Fe in whole blood and plasma was counted by liquid scintillation counting. The activity of [125I]RISA in the plasma was assessed by gamma count ing. The hematocrit was also determined on all samples.
The frozen rat brains were serially cut into sets of 20 IJ-m thick coronal sections at -17°C in a cryostat. Each set consisted of one section for histology, three sections for QAR, and one section for histology. After discarding the next 15 sections, another set of 5 sections was taken for histology and QAR. The sections for QAR were dried at 45-50°C and placed into x-ray cassettes along with three sets of either 55Fe or 1251 standards (Lin et aI., 1990) and a sheet of x-ray film (SB-5, Kodak, Rochester, NY, U.S.A.). The tissues sections for histology were stained with cresyl violet.
After 3 weeks of exposure, the x-ray films were de vel-oped and analyzed for radioactivity with an image analyzing system (Model MCID, Imaging Research, St. Catharines, Ontario, Canada). Tissue radioactivity was measured in 52 brain areas, which were identified by con sulting a rat brain atlas (Paxinos and Watson, 1980) ; 3-18 readings from two to three adjacent sets of autoradio graphic images were averaged to produce a single mean value.
As described previously (Lin et ai., 1990; Bereczki et ai., 1992; Tajima et ai., 1992) , the readings were taken from the grainy areas on the autoradiograms between the elongate, dark figures that are produced from the radio active blood contained within the penetrating and emerg ing vessels. In the case of superficial brain areas, the large black figures on the pial surface were scrupulously avoided. Photographs of typical 55Fe and 1251 autoradio grams have been published by Lin et ai. (1990) , , and Bereczki et ai. (1992) ; they can be exam ined to understand this procedure more exactly. With this technique, the radioactivity in identical tissue areas is determined from all films. Finally, the radioactivity in these grainy areas arises mainly from the blood trapped in the small parenchymal microvessels with diameters <50 f.Lm, mainly capillaries, as said before (Sokoloff, 1961; Bereczki et ai., 1992; Tajima et ai., 1992) .
Calculations
The distribution spaces (volumes) of red cells and plasma in small parenchymal microvessels were calcu lated from the 55 Fe and 1251 data. Specifically, the RISA (plasma) space of distribution (Vp) is given by
where Cti is the tissue 1251 activity (cpm/g), and Cpi is the 1251 activity (cpm/ml) in the final plasma sample.
The RBC distribution space (Vr) was calculated by
where Ct is the 55 Fe activity (dpm/g) in the tissue; Cb and Cp are the 55Fe radioactivity (dpm/ml) in whole blood and in plasma, respectively; and Hcta is the hematocrit of arterial blood in decimal form.
The volume of radiolabeled blood in the small paren chymal microvessels (V b) was calculated with the mean RBC (V mr) and RISA (V mp) spaces and the following re lationship:
(3)
The hematocrit of the labeled blood in the small paren chymal microvessels (mHct) was calculated by
In the tables, the mHct is expressed in percentage form rather than as a fraction. U sing previously published ICBF data from a compan ion study done concurrently with the present work (Ot suka et al., 1991a) , the mean transit time of blood through the local system of small parenchymal microvessels (Tt) was calculated by
The mean transit times of RBCs (Ttr) and plasma (Ttp) through the local system of small parenchymal microves sels were calculated by Ttr = Tt(mHct)/Hcta (6) Ttp = Tt(1 -mHct)/(1 -Hcta) (7)
Equations (6) and (7) are from Pries et ai. (1986) .
Statistical analysis
The RISA and RBC spaces are reported as the mean ± SD. The difference in blood pressure and chemistry be tween the control and pentobarbital-treated groups was assessed with Student's t test (unpaired).
Differences between the control and pentobarbital treated groups for both RBC and RISA distribution vol umes were determined by analysis of variance (ANOY A) with repeated measures (brain structures) using the Greenhouse-Geisser approximation. When the group with structure interaction for the RBC volume or RISA volume was found to be significant, then it can be con cluded that the distribution volumes differ significantly between the control and pentobarbital-treated animals and that the differences between the two groups are not the same for all brain areas. This test is the appropriate statistical indicator of group differences when many brain areas are sampled.
When the group and structure interaction is significant, the control-experimental group differences vary sizeably among the areas (vide supra), and no further analysis is necessary. The brain areas where these diff erences are the largest can, however, be highlighted by using Stu dent's t tests, uncorrected for mUltiple comparisons. Ac cordingly, the uncorrected t test is used herein as a data descriptor (namely, to point out the areas where the dif ferences are the greatest) and is not employed as a sta tistical procedure to evaluate the significance of the dif ferences between the groups.
Because the total blood volume was derived by sum ming mean values of the distribution spaces from two separate sets of experiments, differences in Vb between control and treated animals were evaluated by two-way ANOY A for each brain area. Adjustment for heterogene ity of variances by the Satterthwaite approximation was used when appropriate as determined by Levene's test.
Not only blood volume but also microvessel hematocrit and the various mean transit times are estimated with averages from separate groups of experiments; the stan dard deviation of such estimates cannot be determined because individual values are not obtained. The standard errors of the blood volume, hematocrit, and mean transit times, however, can be and were estimated with the ap propriate approximations for the standard errors of sums and ratios (Kendall and Stuart, 1958) . This yields the "standard deviation" of the distribution of the estimates, which is properly referred to as the standard error of the estimate. The standard error of the estimate will be pre sented in the relevant table.
To the best of our knowledge, there are no tests appro priate for statistical analysis of the effects of pentobar bital on the hematocrits and transit times, which are de rived from ratios of means obtained from two or more separate sets of experiments in control and treated ani mals. This obviously precludes statistical analysis of the microvessel hematocrits and transit times.
In all cases, p � 0.05 was assumed to indicate statistical significance.
RESULTS
Physiological status
The physiological status of the control and exper imental animals was identical before the i.p. admin istration of pentobarbital or saline (Table 1) . After pentobarbital administration, mean arterial blood pressures (mean ± SD) were 92 ± 15 (RBC group) and 92 ± 6 (RISA group) mm Hg and significantly lower than those of the controls and the treatment group before pentobarbital administration (Table 1 ). In addition, the P02 was significantly lower (�72 mm Hg), Peo2 was significantly higher (�50 mm Hg), and pH was slightly but not significantly lower (7.34-7.40) in the treated groups. Similar data were obtained in previous studies of pentobarbital treated rats in our laboratory (Otsuka et al., 1991a,b) .
RISA and RBC distribution spaces
In control animals, the RISA spaces were lowest in the white matter and highest in the circumven tricular organs ( Table 2 ). The RISA spaces of con trol rats were around 6--8 ILlig in most gray matter areas but were � 11 ILlig in the paraventricular and supraoptic nuclei of the hypothalamus and interpe duncular nucleus (midbrain). The variation in the RISA spaces among brain areas was significant for both the control and treated groups.
Statistical analysis (ANOV A with repeated mea sures) indicated that pentobarbital treatment signif icantly decreased the RISA spaces and that the size of the decrease varied significantly among the 52 brain areas. The general lowering of the RISA space by pentobarbital and the dissimilarities in this change are illustrated in Fig. 1 . Using the uncor rected t tests as a data descriptor, the reductions in the RISA space were found to be "large" (p < 0.05) in 28 of 52 brain areas (Table 2) . These areas in cluded the internal capsule and area postrema, 14 of 25 forebrain gray matter structures, and 12 of 18 hindbrain gray matter areas.
The RBC spaces in control rats varied more than sevenfold among the brain areas and were lowest in the white matter areas and very high in the neural lobe (Table 2 ). In several gray matter structures, the RBC spaces were >5 ILlig; included in this group were the paraventricular nucleus, the dorsal co chlear nucleus, and the superior olive. The varia tion in the RBC space among brain areas was sig nificant for both the control and treated groups.
In contrast to the general decrease in the RISA space induced by pentobarbital ( Fig. 1) , RBC spaces were significantly higher (about two-thirds greater on the average) in treated rats (Table 2; Fig. 2), and the size of these increases varied among brain areas (group with structure interaction, p < 0.03). The uncorrected t test indicated that the dif ferences were "large" for 47 of the 52 brain areas ( Table 2 ). The five areas in which the RBC space was less sizeably altered were the subfornical or gan, frontal cortex, dorsal cochlear nucleus, supe rior olive, and nucleus interpositus ( Table 2) .
Microvascular blood spaces and hematocrits
In control and treated groups, the radiolabeled blood spaces ranged more than ninefold among the 52 brain areas (Table 2 ). In most brain areas, the blood space was either unchanged or only slightly altered by pentobarbital treatment (Fig. 3 ). Statisti cal analysis (two-way ANOVA) indicated that Vb was not significantly different between control and treated animals for 46 of the areas. Pentobarbital, however, increased the blood space in the pyrami dal tract, parvocellular part of the paraventricular nucleus, globus pallidus, and dorsal part of the hip pocampus (Table 2 ) and decreased Vb in the area postrema and superficial gray layer of the superior colliculus.
Microvascular hematocrits of control rats varied Values are means ± SD. MABP = mean arterial blood pressure; BT = body temperature; Hct = hematocrit; Osm = osmolality. Areas where the uncorrected t test, used as a data descriptor, yielded the following: 'p < 0.05; dp < 0.01; and ep < 0.001. more than twofold among the areas studied (Table  2) , were less than the arterial hematocrit (Table 1) , and were sizeably lower in the circum ventricular organs-most markedly in the area postrema and the pineal gland-than in other brain areas. After pentobarbital, the mHct in most areas was raised sizeably (Fig. 4) , becoming nearly the same as or somewhat lower than the arterial hematocrit. In the extreme, the mHct was doubled by treatment in the area postrema, pineal gland, and median eminence.
Whole blood, RBC, and plasma transit times
To calculate mean transit times, both the distri bution spaces and the rate of blood flow are needed. In the present instance, previously reported ICBF values from control and pentobarbital-treated rats (Otsuka et aI., 1991a) plus the data in Table 2 were used. Mean transit times were not calculated for the arcuate, periventricular, paraventricular, and su praoptic nuclei of the hypothalamus nor for any of the circum ventricular organs except the pineal gland because ICBF is seemingly underestimated in these brain areas with iodoantipyrine (Otsuka et aI., 1991a,b; Tajima et aI., 1992) , the flow marker em ployed in the related ICBF study (Otsuka et aI., 1991a) .
For control rats, the mean transit times of blood through the system of small parenchymal microves sels (x axis values in Fig. 5 ) were shortest (Tt � 0.2--0.3 s) for the thalamic nuclei, the four cortical regions, and three of the midbrain structures (infe rior colliculus, oculomotor nucleus, and interpe- for which good estimates of ICBF are known and were con currently measured (Otsuka et aI., 1991a) . The line of identity is where the points would lie if the control and treated mean transit times were identical for each area.
duncular nucleus) and were longest (Tt = 0.7-0.8 s) for three white matter structures (the internal cap sule, ventral hippocampal commissure, and genu of the corpus callosum, which are all in the forebrain). Pentobarbital treatment appreciably lengthened the transit times of blood in all forebrain gray matter structures, all four white matter areas, four of the hindbrain structures (the inferior olive, pontine nu clei, inferior colliculus, and intermediate gray layer of the superior colliculus), plus the pineal gland (Fig. 5) . The major cause of these elevated mean transit times was decreased rates of ICBF (Otsuka et aI., 1991a) . The mean transit times of RBCs were markedly less than those of RISA in control rats (Fig. 6 ). The After pentobarbital treatment, the mean transit times of RISA (Fig. 7) were raised appreciably (in crease in Tt ;?: 0.2 s) in all but one forebrain gray matter areas (the lateral habenular nucleus was marginal) for two of eight hindbrain gray matter ar eas (the pontine nuclei and intermediate gray layer of the superior colliculus), the four white matter structures, and the pineal gland. Mean transit times of RISA in most hindbrain gray matter areas scatter around the line of identity in Fig. 7 , which suggests that they were essentially unaffected by pentobar bital.
Pentobarbital increased the mean transit times of RBCs (Fig. 8) considerably more than those of RISA (Fig. 7) . The increment in RBC mean transit times was ;?:0.3 s for virtually all forebrain gray mat ter areas, 3 of 18 hindbrain gray matter areas (the pontine nuclei, cerebellar cortex, and intermediate layer of the superior colliculus), three white matter structures (the corpus callosum was the exception), and the pineal gland. For this set of brain struc- for which good estimates of ICBF are known and were con currently measured (Otsuka et aI., 1991a) . The solid line is the line of identity, which demarcates where the points would lie if the control and treated mean transit times of RISA were identical for each area. The dashed line indicates where the points would fall if Ttp of the treated group was 0.2 s greater than Ttp of the controls. The points for most of the forebrain gray matter areas and white matter areas plus some hind brain gray matter areas and the pineal gland lie above this line, which indicates that Ttp was increased by pentobarbital >0.2 s in these structures. 
FIG. S. Mean transit times of RBC passage through local mi crovascular systems (Tt,) in pentobarbital-treated rats versus Tt, in control rats. The plotted data are for 43 brain areas for which good estimates of ICBF are known and were concur rently measured (Otsuka et aI., 1991a) . The line of identity is where the points would lie if the control and treated mean transit times of RBCs were identical for each area. The dashed line shows where the points would lie if the Tt, of the pentobarbital group was 0.3 s greater than the Tt, of the controls. The points for most of the forebrain gray matter areas and white matter areas plus some hindbrain gray mat ter areas and the pineal gland lie above this line, which indi cates that Ttb was increased by pentobarbital >0.3 s in these structu res.
tures, pentobarbital raised red cell transit times by two-to sixfold.
DISCUSSION
Capillary recruitment-retirement hypothesis
In the testing of the capillary recruitment retirement hypothesis by others, the most com monly used experimental approach has involved in travascular administration of fluorescent plasma markers, decapitation of the animals at various times thereafter, rapid freezing of the brain, and preparation of tissue sections from these frozen brains for microscopic examination. By using vari ous combinations of fluorescent and histochemical techniques, the total number of capillaries indicated, for instance, by alkaline phosphatase ac tivity-and the number labeled by the injected flu orescent marker were then assessed on the tissue sections. With the assumption that all capillaries perfused during the experimental period have sub sequently retained the injected plasma marker, the ratio of labeled capillaries to total capillaries indi cates the percentage that were perfused. This ap proach has been used, for example, by Weiss and co-workers (Weiss et aI., 1982; Francois-Dainville et aI., 1986; Kissen and Weiss, 1989) and Kuschin sky and colleagues (Klein et aI., 1986; Gobel et aI., 1989 Gobel et aI., ,1990 .
J Cereb Blood Flow Metab, Vol. /3, No.3, 1993 A different technique than that described above was employed in the present examination of the capillary recruitment-retirement hypothesis. Among the features peculiar to our study are the usage of radiolabeled markers of both plasma and red cell distribution and the assessment of ra diotracer distribution in small parenchymal mi crovessels by QAR. Relative to the testing of the hypothesis, if the distribution space of radiolabeled blood is altered, then the number of perfused small parenchymal microvessels, which are mostly capil laries, is likely to change.
The same basic assumption is made for both our approach and that of Weiss and co-workers and Kuschinsky and colleagues, namely that the per fused capillaries retain marker or label following de capitation, tissue preparation, and assay. Concern ing the validity of this assumption, a number of studies indicate that all visualized small parenchy mal microvessels (luminal diameter � 12 J.Lm) retain plasma markers (Gobel et aI., 1990; Vetterlein et aI., 1990) and red cells (Weiss and Edelman, 1976; Bereczki et aI., 1992; Tajima et aI., 1992) following decapitation and brain freezing, as done in the present work. There is thus some support for this assumption and the usage of these two techniques for evaluating the hypothesis. A more detailed dis cussion of this matter plus other possible shortcom ings of the autoradiographic technique for assessing perfusion of small parenchymal microvessels are given in Lin et al. (1990) , Tajima et al. (1992) , and Bereczki et al. (1992) .
Based on the general similarity of the local distri bution spaces of radiolabeled blood between con trol and treated groups, capillary retirement does not appear to occur in the 28 brain areas where blood flow is appreciably lowered by high-dose pen tobarbital. Rather ironically, in four of these ar eas-the pyramidal tract (Table 2) , parvocellular part of the paraventricular nucleus, globus pallidus, and dorsal part of the hippocampus (Table 2) -the blood space was enlarged by pentobarbital even though the lCBF was decreased. These findings ar gue against capillary retirement and for lowered flow velocity as the major cause of the decrease in lCBF induced by pentobarbital; they also agree with the observations of complete capillary bed per fusion by plasma in control and hypercapnic ani mals (Klein et aI., 1986; Gobel et aI., 1989 Gobel et aI., ,1990 ) and pentobarbital-treated, normocapnic rats (Vetterlein et aI., 1991) .
It is important to note that such a "conclusion" would not have been drawn if only the local RISA distribution space had been measured because this space was significantly lower in many parts of the brain of treated rats (Fig. 1) . The drop in the local RISA spaces, however, was essentially matched by an increase in the local RBC spaces (Fig. 2) , and the local distribution spaces of radio labeled blood were nearly identical in most brain areas of control and pentobarbital-treated rats (Fig. 3) . High-dose pen tobarbital thus seems to alter the distribution of RISA and RBCs among the population of perfused capillaries but not change the number that are per fused.
The hematic-plasmatic capillary bed model Several in vivo microscopic studies (Pawlik et aI., 1981; Villringer et aI., 1991) indicate that function ally there are two populations of capillaries within the brain: those that contain only plasma (plas matic) and those that contain both red cells and plasma (hematic). In barbiturate-anesthetized ani mals, 80--90% of the visualized capillaries are per fused by both red cells and plasma, and the remain der appear to be perfused by just plasma (Pawlik et aI., 1981; Villringer et aI., 1991) ; in addition, some of the plasmatic capillaries remained plasmatic for periods as long as 3 min, and others became he matic within this period. As for the dynamics of flow through plasmatic capillaries, Vetterlein et a1. (1990) report for pentobarbital-anesthetized rats that >85% of brain capillaries are filled by plasma markers within 2 s of the marker first reaching the parenchymal microvascular beds and all are filled within 10 s.
In the present study, pentobarbital treatment in creased the red cell distribution spaces throughout the brain (Fig. 2) and also raised Peo2 to 50 mm Hg. Pawlik et a1. (1981) and Villringer et a1. (1991) have observed that hypercapnia makes virtually all cap illaries hematic in pentobarbital-treated cats and rats. Accordingly, it is likely that all capillaries were perfused by both red cells and plasma in the pento barbital-treated, hypercapnic rats studied by us.
In normocapnic, awake rats, the percentage of hematic capillaries is unknown. As mentioned above, 80--90% of the capillaries are perfused by red cells in normocapnic, pentobarbital-anesthetized rats (Pawlik et aI., 1981; Villringer et aI., 1991) . The findings of Tajima et a1. (1992) suggest that >65% of the capillaries are perfused by red cells in awake, control rats. The percentage of hematic capillaries in the conscious, normocapnic rat may thus be in the range of 65-90%.
In connection with the plasmatic-hematic capil lary model, low hematocrits have often been ob served in microvascular systems of other tissues and organs. Such a lowering is believed to be the result of a "tube" Fahraeus effect plus a "net-work" Fahraeus effect (Pries et aI., 1986). The tube Fahraeus effect is the result of red cells accumulat ing in the faster moving, centrally located stream of fluid flowing within microvessels; this results in more rapid flow of red cells than of plasma through the system. The network Fahraeus effect is caused by the presence of plasmatic capillaries within the system. The raising of the mHct by pentobarbital probably involves perfusing virtually all capillaries with both red cells and plasma, which was just dis cussed, and producing markedly lower linear veloc ities of red cell flow and somewhat lower linear ve locities of plasma flow.
Mean transit times and linear velocity of flow
Mean transit times of blood, red cells, and RISA flow through the system of perfused small paren chymal microvessels were calculated from the mi crovascular blood volume, the local rate of blood flow, the hematocrit of the blood retained in the small parenchymal microvessels, and the arterial hematocrit [Eqs. (5)- (7)]. These mean transit times are also equal to their respective (blood, RBCs, and RISA) mean path lengths within the system divided by their respective mean linear velocities of flow.
The latter definition indicates that changes in mean transit time can be effected by both path length and velocity changes within the system of small parenchymal microvessels. After pentobar bital treatment, the mean transit times of blood ( Fig. 5) , RISA (Fig. 7) , and RBCs (Fig. 8) were found to be greater in most white matter and fore brain gray matter areas, some hindbrain gray matter areas, and the pineal gland; accordingly, either the mean path length was increased, the linear velocity of flow was decreased, or both changes occurred in the microvascular beds within the affected brain ar eas.
Because of the procedure used to assess the ra dioactivity from the autoradiograms (Bereczki et aI., 1992) , the "path" taken by the blood in the present instance is comprised of the small arteri oles, capillaries, and small venules within the brain parenchyma. Included in this group are all mi crovessels with luminal diameters ,,;;; 50 fJ.m (Weiss and Edelman, 1976; Tajima et aI., 1992) . The capil laries are undoubtedly shorter than the small arte rioles and venules, but little else can be said at present about the actual length of the "mean path" within the system of small parenchymal microves sels.
Since it is likely that all of the capillaries and other small microvessels were perfused by plasma in both the control and treated groups, the mean path length for plasma flows was probably the same in control and treated rats. A drop in RISA flow velocity must thus have been the main cause of the pentobarbital-induced increase in the Tt of radiola beled albumin.
For red cells, the situation might be different be cause the population of capillaries perfused in the treated rats appeared to increase somewhat. If pre viously plasmatic capillaries become hematic and these capillaries are sizeably longer than the other hematic capillaries, then the mean path length of RBC flow within the system may have increased. However, even if the mean path length for RBCs increases by as much as 50%, which seems rather unlikely, the mean velocity of red cell flow in most white matter structures and forebrain gray matter plus the pineal gland was almost certainly de creased since mean transit times were more than doubled (Fig. 8) .
Pentobarbital produced systemic hypercapnia, decreased mean arterial blood pressure, and low ered local cerebral glucose utilization (lCG U) throughout the brain (Otsuka et aI., 1991b) . All of these changes could affect blood flow and flow ve locity through capillaries. Pial arteries and arteri oles dilate in response to hypercapnia (Raper et aI., 1971; Heistad and Kontos, 1983; Wei et aI., 1984) . Furthermore, Levasseur and Kontos (1989) re ported that the extent of pial arteriolar dilation at Pco2 of 50 mm Hg (the partial pressure measured in our experimental rats) was similar in awake and pentobarbital-anesthetized (45 mg/kg) rabbits. Pen tobarbital relaxes constricted pial arteries (Edvins son and McCulloch, 1981; Marin et ai., 1981; Sanchez-Ferrer et aI., 1985) and dilates isolated pa renchymal arterioles (mean diameter = 54 !-lm) in vitro (Ogura et aI., 1991) . These results indicate that pial arteries and arterioles and larger parenchymal arterioles are dilated by pentobarbital and hyper capnia.
The present data show that the flow velocity through small parenchymal microvessels, mainly capillaries, was lower in treated, hypercapnic rats than in conscious, normocapnic rats despite the pentobarbital/hypercapnia-induced vasodilation of upstream arteries and arterioles. The diminished central arterial blood pressure (Table 1) may have contributed somewhat to the lowered flow, but the depressed rates of ICGU and local neural activity almost certainly reduced the local formation of va sodilating materials and/or increased that of vaso constricting substances. Either of the latter pro cesses could lead to fairly strong constriction of the smallest arterioles and sizeably decrease the veloc ity of red cell and plasma flow through the capillar ies. In support of this suggestion, the hindbrain ar-J Cereb Blood Flow Metab, Vol. 13, No.3, 1993 eas where the mean transit times were least altered were also the areas in which the ICGU was only slightly (but significantly) decreased by treatment.
The preceding discussion indicates a major prob lem with relating the ICBF to pial arterial and arte riolar diameter. On the basis of dilation of these vessels in the presence of pentobarbital and hyper capnia, the ICBF might be expected to increase; instead, the ICBF was decreased. Extrapolating the effects of a particular experimental perturbation on pial arterial and arteriolar diameter to local blood flow is clearly fraught with danger.
In conclusion, the major mechanism by which high-dose pentobarbital lowers the ICBF in the brain is not capillary retirement but a diminished linear velocity of plasma and red cell flow through the perfused parenchymal microvessels. This re sponse seems to be driven by lowered local metab olism and occurs despite the concurrent hypercap nia and pial arterial and arteriolar dilation. Some what unexpectedly, the number of microvessels perfused by red cells was apparently increased by high-dose pentobarbital treatment.
